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Abstract Numerical model calculations have been carried out to study the effect of the
centrifugal force on the compositionally dense material accumulated in the lowermost
mantle. The deformation of an initial dense layer encircling the core was investigated sys-
tematically as a function of the density difference between the lower dense and the overlaying
mantle, b and the angular velocity of the planet, X in a two-dimensional cylindrical shell
domain. It was established that increasing b does not influence the magnitude of the defor-
mation of the dense layer but decreases the velocity of the deformation. The relaxation time of
the deformation is inversely proportional to b similarly to post-glacial rebound. On the other
hand, increasing X enhances the magnitude of the deformation but does not affect the
deformation relaxation time. The magnitude of the deformation is approximately propor-
tional to X2. It was pointed out that for the present-day mantle parameters, b = 2–4 % and
X = 7.3 9 10-5 1/s the equatorial elevation of the dense layer is about 2 km which more
than two orders of magnitude less than the height of the seismically observed large low shear
velocity provinces beneath Africa and Pacific. During the Earth’s history when the rotation of
our planet was faster the influence of the centrifugal force was much more significant and the
equatorial elevation of the dense layer might have reached even 100 km.
Keywords Mantle convection  Earth’s rotation  Large low shear velocity provinces 
Numerical modelling
1 Introduction
The rotation of the Earth plays a crucial role in numerous environmental phenomena like in
the convection in the outer core (Christensen et al. 1999) and in the ocean (Marschall and
Scott 1999; Kamphuis et al. 2011) or in numerous atmospheric processes (Dickey et al. 1990).
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Since the motion governed by rotation is often initiated by thermal inhomogeneities, the
rotation influenced Rayleigh–Be´nard convection has been in the focus of many scientific
investigations (e.g., Scheel 2007; Zhong et al. 2009). In Earth’s mantle the fictitious forces
which appear due to rotation, namely the Coriolis- and the centrifugal force are commonly
accepted to be negligible (Schubert et al. 2001) and are not taken into account in the most
numerical simulations. However the demand for more and more precise numerical models
to explain recent observations generates the need for the refined investigation of the effect
of Earth’s rotation on mantle convection.
The existence of negative shear wave anomalies in the lowest mantle beneath Africa
and Pacific was revealed by seismic tomography (Garnero et al. 2007; Lay et al. 2004).
They are called large low shear velocity provinces (LLSVP) owing to the decrease in shear
wave velocity by 2–4 % but the relative indifference in pressure wave (0–2 % decrease).
On the other hand it brings on henceforward numerous unanswered questions, mostly about
its evolution and long-lived stability (Dziewonski et al. 2010). It is supposed to be com-
positionally denser by 2–4 % due to the increased iron content compared to the overlying
part of the lower mantle (Tackley 2012), which can be explained by its chemical reaction
with the core (Mao et al. 2006) or the crystallisation and differentiation of the mantle in the
early Earth history (Labrosse et al. 2007). LLSVP reaches 800–1000 km height from the
core-mantle boundary (Garnero and McNamara 2008) and its equatorial, nearly antipodal
position beneath Africa and Pacific raises the possibility that its existence and position is
correlated with the Earth’s rotation. The surface hotspots are likely to be situated over the
edge of these seismically slow provinces (Thorne et al. 2004) not only in the present but,
by taking into account the plate tectonic movements, at least during the last 200 m years
too (Torsvik et al. 2010). Indeed Dziewonski et al. (2010) showed that in the last 200 Myr
the rotational axes of the Earth always changed along the meridian which separates the
two, presumably denser provinces, hereby the maximal moment of inertia was always
ensured. These two statements, the situation of hotspots and the changing of rotational axes
presume that the nearly antipodal anomalies over the core-mantle boundary are
stable formations of the mantle, they might have been existent and in this way have
stabilised the whole rotating system since the early differentiation of Earth’s internal
structure.
It is well known that besides the angle of the rotation its magnitude changes also during
the history of the Earth (Glukhovskii and Kuz’min 2015). The Earth’s angular velocity
decreased mostly because of tidal friction thus it is directly connected to the Earth–Moon
distance which determines the intensity of tidal motion. It is presumed that the Earth’s
collision with a cosmic body, whose weight was similar to that of Mars, generated the
Moon (Canup and Asphaug 2001; Harrison 2006; Wood 2011). After the collision the
Earth–Moon distance was approximately 20 times less than it is today (Binder 1982; Bott
1982; Hazen 2012), which can be directly converted into the length of the day, which could
be between 2 and 6 h (Glukhovskii and Kuz’min 2015). Hereby, the effect of rotation
could be much more significant in the past, than it is today. Other hypothesis set this value
to 8 h (Marakushev et al. Marakushev et al. 2013), which is three times less compared to
the present value by all means. One of the few geological evidences of angular velocity in
the past was presented by Erikson and Simpson (2000), who investigated the earliest
sediments preserving the tidal stratification. He presumed that 3.2 b years ago the length of
the day was closer to 15 than to 24 h. It is also possible to combine angular velocity data
derived from fossils and tidal deposits with determinable lunar tidal torque values to
estimate the angular velocity of the Earth through the last 4.55 Myr (Varga 2006; Varga
et al. 1998). This method is the reverse approach of the problem and gives much less
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changing in the length of the day, which could be between 15 and 20 h in the Katarchean
(3.00–4.55 Ga). Thus this method gives much less change in the Earth–Moon distance too.
The considerable variation in the magnitude of Earth’s rotation demands to reconsider
whether it had contributed significantly to the evolution of the present-day Earth’s mantle
structure. In this study we investigate the possible deformation of the chemical inhomo-
geneities in the lowest mantle caused by Earth’s rotation without thermal convection. We
determine what magnitude of the deformation could be maintained by the rotation and
what magnitude of rotation would be needed to generate domes with height similar to that
of LLSVP.
2 Theoretical background and model description
The problem of the deformation of two non-miscible, isothermal fluids with different
density can be handled by the continuity (1), the Navier–Stokes (2) and the mass transport
Eq. (3),
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Physical parameters used in the article are summarized in Table 1. The equations ensure
the conservation of mass (1), the momentum (2) and the amount of the dense component
(3) in the system. The impact of Earth’s rotation appears in the Navier–Stokes equation,
Table 1 Symbol descriptions
and dimensions
Symbol Description Dimension
q Density kg/m3
t Model time s
ui Velocity field components m/s
xi Space coordinates m
eijk Levi–Civita symbol 1
Xi Earth’s angular velocity 1/s
g Gravitational acceleration m/s2
ei Unit vector, pointing downwards 1
dik Kronecker delta 1
p Pressure Pa
rij Deviatoric stress tensor Pa
c Normalised concentration of the dense
material
1
D Diffusion coefficient m2/s
b Relative density difference between the
lowermost and the overlaying mantle
1
qd Density of the dense material kg/m
3
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where the momentum of the fluid (left side) is affected by the Coriolis force, gravitational
force, centrifugal force, the pressure gradient and the viscous force in the right side of
Eq. (2).
Boussinesq approximation (Chandrasekhar 1961) can be used to simplify the equation
system and the mantle can be handled as a fluid with Newtonian rheology. According to
Boussinesq approximation the gravitational acceleration (g), the dynamic viscosity (g) and
the diffusion coefficient (D) are fixed to constant, average values are representative to the
Earth’s mantle similarly to the density (q) which is constant except within the term
describing the chemical buoyancy force. The normalized concentration shows the dense
matter content of the fluid,
c ¼ q q0
qd  q0
; ð4Þ
thus c = 1 represents the dense and c = 0 the light component of the mantle. In isothermal
mantle the generally temperature dependent equation of state becomes simplified,
q ¼ q0  1 þ b  cð Þ; ð5Þ
where b denotes the relative density difference between the two mantle components,
b ¼ qd  q0
q0
: ð6Þ
The equation system (1), (2), (3) take the following form after the approximation described
above:
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By separating the hydrostatic and the dynamic pressure (dp) in Navier–Stokes Eq. (8) the
constant term of density and hydrostatic pressure will be cancelled,
q0
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In order to determine whether the centrifugal force and/or the Coriolis force could play an
important role in the mantle flow dimensional analysis must be applied (Schubert et al.
2001). The dimensionless Navier–Stokes equation takes the following form:
1
Pr
dui
dt
¼  2
Ek
eijk Xj uk þ RaC c ei þ RaCR c Xi  Xk  X2  dik
 
xk  odpoxi þ
o2ui
ox2j
; ð11Þ
where Pr, Ek, RaC stands for the Prandtl, the Ekman and the compositional Rayleigh
number, respectively. Table 2 contains the average values of these dimensionless numbers
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for the mantle. Taking into account the role of the centrifugal force, a new non-dimen-
sional parameter was defined. RaCR denotes the ratio of the centrifugal force in the
compositionally non-homogeneous mantle and the viscous force,
RaCR ¼ q0b X
2
0d
4
g0j
ﬃ 5  103: ð12Þ
The value of RaCR is estimated based on the present-day mantle parameters.
Based on the value of the Prandtl and Ekman number the influence of the inertia and
Coriolis-force can be excluded unequivocally, thus Eq. (11) can be simplified,
0 ¼ RaC c ei þ RaCR c Xi  Xk  X2  dik
 
xk  odpoxi þ
o2ui
ox2j
: ð13Þ
At the same time the value of the dimensionless number related to the centrifugal force
imply that it might influence the convection. Compare the value RaCR with RaC and RaT
(Table 3), which govern the thermo-chemical convection in the mantle, 3–4 order of
magnitude is the difference, however taking into account the angular velocities possible in
the Earth’s history, the difference decrease appreciably (Table 4). Consequently the
dimensionless equation does not justify the neglection of centrifugal force and hereby the
effect of Earth’s rotation on mantle convection.
Another important property of the centrifugal force is that it breaks the spherical
symmetry in the convection, by assigning a particular, equatorial direction. Furthermore,
contrary to the Coriolis force, centrifugal force is not attached to movements thus it is able
to generate and stabilise equilibrium deformations (like the shape of Earth). Due to this
property it can directly affect the boundary conditions of the thermo-chemical convection
in the mantle. While it has an obvious impact on the surface, its effect on the global
geodynamics has yet to be clarified.
Two-dimensional cylindrical shell geometry has been applied to study the effect of the
centrifugal force on the compositionally heterogeneous mantle without thermal convection.
Rotation axis lies in the 2D plain and points to the imaginary north–south direction, thus
the model can be interpreted as a vertical section of a planet. COMSOL Multiphysics 4.2a
finite element numerical modelling software was used to solve equations of (7), (9) and
dimensional Navier–Stokes Eq. (14) derived from Eq. (13),
0 ¼ q0 b c g  ei þ ðXi  Xk  X2  dikÞ xk
  odp
oxi
þ g o
2ui
ox2j
: ð14Þ
Table 2 Model constants
Description Symbol Value
Gravitational acceleration g 10 m/s2
Dynamic viscosity g 1022 Pa s
Diffusion coefficient D 10-11 m2/s
Earth’s angular velocity X0 7.29
-5 1/s
Earth radius R0 6370 km
Core radius R1 3470 km
Bulk density q0 4500 kg/m
3
Thermal diffusivity j 10-6 m2/s
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Boundaries were stress-free and impermeable for mass transport. The surface and the core–
mantle boundary were fixed during the simulation in order to concentrate on the inner
mantle deformation. As an initial condition a dense layer with a thickness of 300 km
encircles the core (Fig. 1a) which fits the shape of LLSVPs and explains the location of
hotspots best (Li et al. 2014). Deformation height of the dense layer was characterized by
the elevation parameter dh (measured from the surface of the initial dense layer), which
was defined by the concentration value of c = 0.5. We investigated the equatorial eleva-
tion that is the maximum deformation in this study (Fig. 1b).
The model domain was discretized by triangular finite elements. Two types of grid had
been used, one with finer mesh for the whole mantle (grid 1, Fig. 2a) and one with finer
mesh at the initial boundary between the two layers (grid 2, Fig. 2b). In grid 1 the max-
imum element size for the whole mantle was 75 km and at the surface of the dense layer
2 km with a total element number of 396,790, while in grid 2 these values were 200 km,
1 km and 689,506, respectively. In this way grid 2 was more appropriate to investigate
small deformations of the lower dense layer.
Fig. 1 a Initial concentration distribution of the dense layer as well as b the sketch of the deformation and
the definition of the elevation parameter, dh
Table 3 Dimensionless numbers and their characteristic values for the mantle (Schubert et al. 2001)
Symbol Dimensionless number Average value for the mantle
Pr Prandtl number 1023
Ek Ekman number 109
RaC Compositional Rayleigh number 10
6
RaT Thermal Rayleigh number 10
6–107
Table 4 Values of Ra
CR
at dif-
ferent angular velocity magnitude
and length of day (T) possible in
Earth’s history
X/X0 T (h)t in xm; RaCR
1 24 5 9 103
3 8 5 9 104
4 6 8 9 104
12 2 7 9 105
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3 Model results
Figure 3 illustrates the elevation parameter, dh as a function of time at different compo-
sitionally density difference between the layers, b. First, the angular velocity of the Earth
was constant (X0), while b varied from 1 to 10 % as a consequence of the uncertainty in
the compositional density difference in the lowermost mantle. In this way RaCR changes
between 1.7 9 103 and 1.7 9 104 in different simulations. Based on the results obtained
from seismic tomography, thermo-chemical model calculations and normal modes of the
Earth (Koelemeijer et al. 2012; Ishii and Tromp 2004; Tackley 2012; Galsa et al. 2015)
b = 2–4 % might be a reasonable value for the LLSVP.
The evolution of the equatorial surface elevation shows an exponentional relaxation to
an equilibrium state in every case. Elevation parameter values were calculated at each 10
Myr, and a function of
dh ¼ Ab þ Bb exp  tsb
 
ð15Þ
was fitted on the numerical data. Table 5 contains all fitted parameter in this study. The
quality of fitting was high (v2[ 0.999 for each curve), after the time of 5s the deformation
reached the 99 % of the equilibrium. It was established, that the equilibrium elevation
height does not depend on the relative density difference, b, the equatorial, equilibrium
elevation height was found to be approximately Ab = 2 km in every model (Fig. 3).
Figure 4 shows the fitted relaxation time constant, sb as a function of the relative density
difference. The plot was fitted using a function of
sb ¼ Cb ; ð16Þ
consequently sb is proportional to the reciprocal of density difference between the layers.
This result shows considerably similarity to the well-known viscous relaxation problem as
the post glacial rebound (Haskell 1935), where the explicit value of the relaxation time
Fig. 2 Finite element mesh a grid 1 and b grid 2 used in simulations
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depends on the viscosity (g) and the density (q) of the mantle as well as the wave length of
the initial depression (k),
s ¼ 4pg
qgk
: ð17Þ
In the range of b = 2–4 % the time constant is approximately 30–15 Myr, which is a
relative short period compared to Earth history, but much longer than that of the post-
glacial rebound (circ. 2000–5000 year (Schubert et al. 2001)).
Since the angular velocity of the planet has varied owing to the tidal dissipation the
effect of X was investigated as well. Figure 5 represents the evolution of the elevation
height at different relative angular velocities (X/X0), while the relative compositional
density difference was held at a realistic constant rate of b = 3 %. RaCR changes between
5 9 103 (X = X0) and 5 9 10
5 (X = 10 9 X0) in different simulations. The time varia-
tion of the elevation parameter reflects a similar trend to the effect of b (Fig. 3), thus an
exponential relation was fitted on data obtained from numerical models at each 10 Myr
with AX, BX and sX fitted parameters (Table 5). Obviously, higher angular velocity results
in larger equatorial deformation.
The equilibrium deformation as a function of the relative angular velocity shows power
law dependence (Fig. 6a), where the fitted
AX ¼ D  X=X0ð ÞE ð18Þ
function’s exponent is roughly equal to two, namely E = 2.135 ± 0.01. We note, the value
of E = 2 gives the centrifugal force for an individual mass point. However, Fig. 6b dis-
plays that sX is independent of the angular velocity. The deformation reaches the mag-
nitude of 100 km at about X/X0 = 7, the total thickness of the actual LLSVP only at
Fig. 3 Elevation parameter as a function of time at different relative density differences between the layers
(b). Exponential function described in Eq. (15) was fitted on numerical data
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approximately 15, where the total thickness is measured from the core-mantle boundary
obviously.
The root-mean-square velocity of the flow system depends on both the relative density
difference and the angular velocity (Fig. 7). Being in accordance with Fig. 3 higher b
results in faster initial deformation and larger slope of velocity decrease, so smaller sb
(Fig. 7a). On the other hand, faster deformation occurs at higher rotation (Fig. 7b), how-
ever, velocity curves do not intersect indicating the constant relaxation time. Summarized,
the elevation height is independent of the density difference but depends on the angular
velocity, while the relaxation time characterizing the time till the equilibrium of the
deformation depends on the density contrast but is independent of the angular velocity.
Fig. 4 Relaxation time of deformation as a function of b. Reciprocal function (Eq. 16) was fitted on data
Fig. 5 Elevation parameter as a function of time at different relative angular velocity values
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4 Discussion and conclusions
The main aim of the study was to investigate the influence of the centrifugal force due to
the Earth’s rotation on the evolution of the compositionally dense layer in the lowermost
mantle. A new non-dimensional parameter, RaCR was defined to quantify the centrifugal
force related to the viscous force. Dimensional analysis pointed out that the role of the
centrifugal force is not obviously negligible for the Earth’s mantle contrary to the inertia
and Coriolis force. In Earth’s history the centrifugal force could be commensurable with
the thermal (RaT) and compositional (RaC) buoyancy force, which generate the thermo-
chemical convection in the mantle. The dimensionless equations, the apparent impact on
the shape of Earth, the property of being independent of motion contrary to Coriolis force
together motivated the importance of investigation of the centrifugal force. It is obvious
that the centrifugal force breaks the spherical symmetry in the mantle flow. Question is
whether it is able to induce a significant deformation of the lower mantle density inho-
mogeneities or it only appoints the stable, equilibrium direction with maximal moment of
inertia.
According to the simulations the rotation does not generate dense domes with
remarkable heights at Earth’s angular velocity. At faster rotation possible in the Earth’s
Fig. 6 a The equatorial equilibrium elevation height and b the relaxation time of the deformation as a
function of the relative angular velocity. Power function described by Eq. (18) was used for fitting
Fig. 7 Time-variation of root-mean-square velocity (vrms) a at different b and b X/X0 values
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history the height of the deformation might have been reached the magnitude of
380–400 km. Although this deformation is half/third of the actual height of LLSVP,
palpable asymmetry appears in the mantle. It is possible that this asymmetry can be
thickened by other phenomena (e.g., subducted slabs at the core mantle boundary).
Another important result toward the complex simulations can be the independence of
elevation height of the relative density difference between the two layers. The relaxation
time constant of some 10 Myr is not certainly exact however it can imply that the built up
of deformation needs relatively short time at geological time scale.
The stabilization effect of the centrifugal force was not investigated in this study
however it can be one of the most important property of the rotation. As it was mentioned
above the LLSVP seems to be stable formations of the lower mantle, the survival of these
phenomena could be facilitated by also the centrifugal force. Probably a compositionally
dense dome evolved in arbitrary direction would have been forced into equatorial direction
by the centrifugal force.
This study may reveal that it is important to investigate the influence of centrifugal force
in the mantle. At least two types of models could provide important information. First
question is whether the small asymmetry caused by centrifugal force in the lower mantle
toward an appointed direction can be strengthened by other effects in thermo-chemical
mantle convection. The second model should investigate the stabilization effect of the
centrifugal force in thermo-chemical convections. If dense material accumulation appears
somewhere in the lower mantle near the core-mantle boundary, how could the centrifugal
force constrain it into equatorial position. Thus, the centrifugal force could be able to affect
the convection in the mantle.
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